Abstract: A synthetic route for the selective di-and monochlorination of pyridazine annelated bis(imidazolium) salts at the formamidinium moieties with trichloroisocyanuric acid (TCCA) is presented. Due to the steric hindrance, the molecular structure of the dichlorobis(imidazolium) salt shows a pronounced torsion from planarity as well as a deviation of the C-Cl bond vectors from the ideal bisecting line of the respective NCN angles such as to avoid each other. The monochlorinated bis(imidazolium) salt is free of steric hindrance and therefore shows less deviation from the parent bis(imidazolium) salt. In the presence of acetate the chloroimidazolium salt acts as a chlorination agent for acetate leading to formation of acetyl chloride and the respective urea.
Introduction
2-Haloformamidinium salts are highly reactive and useful species, which are also commercially available, e.g. 2-chloro-N,N,N′,N′-tetramethylformamidinium chloride (A) or 2-chloroimidazolinium chloride (DMC) (Fig. 1) which is used as a chlorination and oxidizing agent, as well as a reducing agent or a dehydration agent for carboxamides [1] [2] [3] due to the high stability of the formed urea. The mixture of a 2-chloroimidazolium chloride with CsF (PhenoFluorMix) became a very powerful fluorination agent for phenols [4] . Moreover, 2-haloformamidinium and -azolium salts are useful precursors for cyclic and acyclic aminocarbene complexes by oxidative addition [5] [6] [7] [8] [9] [10] . This method was one of the early methods to obtain such complexes and much in use until the unusual high stability of free N-heterocyclic carbenes was discovered by Arduengo in 1991 [11] . It is still of synthetic interest, especially when the chloro-or bromoformamidinium salts are readily available [12] [13] [14] [15] or when special requirements preclude other methods, like the formation of a metal-free carbene by reaction of chloroformamidines with bis(trimethylsilyl)mercury under release of elemental mercury [16] . Recently, (bis)iodoimidazolium salts received attention as organocatalysts for Diels-Alder reactions, the reduction of quinolines and imines, and the catalytic activation of carbon-chlorine bonds [17] [18] [19] . Halo-and especially chloroformamidinium salts are typically prepared by reaction of the respective urea or thiourea with typical chlorination agents like POCl 3 [20, 21] , SOCl 2 [22] , phosgene [23, 24] , diphosgene or oxalylchloride [1] , or from the free carbene by reaction with the elemental halogens [25] , tetrahalocarbon [26, 27] , 1,2-dichloroethane [28] or hexachloroethane [25, 26] . In some cases chlorination at the backbone was observed with tetrachloromethane. Sasse and coworkes, Jellen and also we reported on the synthesis of the dipyrido-annelated bromoimidazolium salt B from either the corresponding imidazolium [13, 29, 30] or the benzoylimidazolium salt [13] with bromine.
Recently, we reported on the synthesis and reactivity of a bidentate pyridazine-annelated biscarbene ligand as an analog of 2,2′-bipyridine or 1,10-phenanthroline [31] . To broaden the scope of methods to prepare metal complexes with this biscarbene ligand, we were interested in the synthesis of the respective di-and monochlorinated bis(imidazolium) salts 2 and 3. As the free carbene is not stable, we thought of reacting trichloroisocyanuric acid (TCCA) as a chlorinating agent with the bismidazolium salt 1. We found TCCA already superior to other halogenation agents in benzylic chlorination of 3,6-dimethylpyridazine, a key step in the synthesis of the bis(imidazolium) salt 1 [31] . For a few years TCCA is an emerging reagent for various oxidation and chlorination reactions due to its mild reactivity and good selectivity as well as due to its good safety properties [32] [33] [34] .
Results and discussion

Chlorination of bis(imidazolium) salt 1
As all three chlorine substituents of TCCA can be transferred to the product, we used 0.66 equivalents TCCA for one equivalent of the bis(imidazolium) salt 1 in acetonitrile (Scheme 1). In addition, the presence of a small amount of base is necessary to initiate or catalyze the reaction. We found that triethylamine works well, while -for reasons given further below -the use of acetate is not suitable. After 4 h at 40°C, the reaction mixture was worked up and the dichlorination product 2 isolated by precipitation with diethylether as a colorless crystalline solid in 85% yield.
The product can be identified by its simple 1 H NMR spectrum with two singlets at δ = 8.07 ppm for the imidazo protons (H-3/H-6) and 7.39 ppm for the pyridazine protons H-4/H-5 as well as a triplet at 4.36 ppm for the N-methylene protons. In comparison to the starting material 1, the chlorination had only very small effects on the chemical shifts. The latter two signals are weakly highfield-shifted (7.57 and 4.47 ppm for 1), while the chemical shift of the imidazo signal H3-/H-6 remained unchanged (8.06 ppm for 1). The effect of the chlorination is even less pronounced in the 13 C NMR spectrum: the signal of the chloro-substituted carbon atom (C-1/C-8) is shifted downfield from 127.2 (1) to 130.3 ppm (2) and that of the quaternary carbon (C-3a/C-5a) from 125.9 (1) to 129.6 ppm (2). All other chemical shift differences are smaller than 1 ppm.
Proof for the dichlorination at the formamidinium moiety rather than at the backbone of the molecule was obtained by X-ray structure analysis (Fig. 2) . Despite the expected steric hindrance of the two chlorine atoms, they still have a distance of 3.0018(6) Å, a value that is only moderately smaller than the double van der Waals radius of 3.50 Å. This distance is realized by three factors, compared to imidazolium salt 1. Firstly, the annelated rings are no longer in plane, but weakly twisted from planarity by an angle of 11.7° between the planes of the imidazo moieties (θ(C1-N10-N9-C8) = 13.6(3)°). Secondly, the distance between the formamidinium carbon atoms C1 and C8, which is enlarged by 8% from 3.007(6) Å (1) [31] Monitoring of the dichlorination by 1 H NMR spectroscopy reveals that the conversion of 1 is quantitative and no side products are formed. An excess of TCCA does not lead to any further chlorination. It can be recognized that the chlorination is a stepwise mechanism as the monochlorinated intermediate can be observed. The second chlorination step is somewhat retarded, which might be due to steric reasons. Therefore the monochlorination was Scheme 1: Synthesis of the di-and monochlorinated bis(imidazolium) salts 2 and 3 by chlorination of 1 with trichloroisocyanuric acid (TCCA).
favored over the statistic ratio of 1:2:1, when only 1/3 eq of TCCA was used (Scheme 1). At 0°C the dichlorination can be suppressed to a high extent, so that a ratio of 1:3:2 = 0.8:1:0.05 is observed in the crude product (the TCCA was not yet fully consumed). As the solubility properties of all imidazolium species are similar, the workup by crystallization afforded only an isolated yield of 42% for the pure monochlorinated product 3.
The 1 H NMR spectrum of 3 is consistent with its lower symmetry (Fig. 3) showing clearly the two doublets for the imidazolium moiety at δ = 10.1 (H-8) and 8.09 ppm (H-6) with a coupling constant of 4 J = 1.5 Hz. Therefore, the singlet at δ = 8.13 ppm can be assigned to H-3 of the chloroimidazolium moiety. The protons H-4 and H-5 are no longer chemically equivalent and lead to the signals of an AB spin system with a very pronounced . Atoms are shown with anisotropic atomic displacement parameters at the 50% probability level. Hydrogen atoms at the n-propyl substituents as well as the PF 6 − counter ion(s) are omitted for clarity. Bottom right: overlaid molecular structures of compound 2 (red) and the bis(imidazolium) salt 1 (blue) to visualize the overall geometric changes (without n-Pr substituents). roof effect at 7.52 ppm and a vicinal coupling constant of 10.5 Hz.
In comparison with the bis(imidazolium) salt 1, the most pronounced change is recognized for the signal of the imidazolium proton H-8. The downfield shift by 0.4 ppm (9.72 ppm in 1) could be a hint for a hydrogen bridge to the chlorine atom. The peak for H-3 is slightly shifted downfield by 0.06 ppm, while it was identical for compounds 1 and 2. The ABq signal for the pyridazine protons H-4 and H-5 is less affected by the monochlorination (Δδ = 0.05 ppm) than by the dichlorination (Δδ = 0.2 ppm). Therefore, the latter might be a result of the geometric changes caused by the steric hindrance, especially the smaller C3-C3a-C4 angle in 2. In the 13 C NMR spectrum all chemical shifts -with exception of that for the peak of the chlorinated carbon C-1 -are very similar to the bis(imidazolium) salt 1 (Δδ < 1 ppm). The signal for C-1 is shifted to higher field (125.4 ppm in 2) by 1.8 ppm compared to 1. This is surprising, as in the dichlorinated compound 2, the signal is shifted downfield by 1.8 ppm. Again, this might be a consequence of geometric changes caused by the steric hindrance in 2.
This is corroborated by the single-crystal X-ray structure analysis of compound 3 (Fig. 4) . The annelated ring system is planar as in the bis(imidazolium) salt 1. There are no hints for steric pressure, so that the differences of the geometric parameters are much smaller in comparison to 1 than in comparison to compound 2. These differences Δ are listed in Table 1 . In comparison to compound 1 the N2-C1-N10 angle is slightly enlarged by about 1.2(5)° (107.1(2)° in 3) as well as the angle N7-C8-N9 of the imidazolium moiety (106.5(2)° in 3 compared to 105.6(3)° in 1). This is also accompanied by an opening of the C1-N10-N9 and the C8-N9-N10 angles by about 2°. The C1-N10 bond is slightly elongated by 0.013(9) Å to 1.341(3) Å, which leads to an increase of the C1-C8 distance by 0.091(9) Å to 3.099(3) Å. The C3-C3A-C4 angle (134.6(2)°) and the C5-C5A-C6 angle (135.1(2)°) are decreased by 1.5(5)°. All other changes are insignificant. The C1-Cl1 bond length measures 1.676(2) Å which is 0.013(4) Å longer than in compound 2 and the deviation of this bond from the ideal bisecting line of the N2-C1-N10 angle is only 1.0(4)°. A short contact between Cl1 and H8 of 2.6 Å is indicative for a hydrogen bond, as well as the short contacts of H8 to the PF 6 − counter ion of 2.5 Å (F3···H8) and 2.4 Å (F4···H8).
Mechanistic considerations
Two scenarios can explain the catalysis/the initiation step by a tertiary amine in the chlorination reaction (Scheme 2). On the one hand (mechanism A), tertiary amines could be able to deprotonate the imidazolium salt and the resulting carbene would react with TCCA under chlorination. The TCCA anion could then act as a base to deprotonate either the triethylammonium salt to close the catalytic cycle or directly the imidazolium moiety, in which case NEt 3 would act only as an initiator. On the other hand, it was suggested in the literature that tertiary amines are chlorinated by TCCA [36] forming [ClNEt 3 ] + and the TCCA anion which, in our case (mechanism B), could deprotonate the imidazolium salt. The formed carbene would then react with [ClNEt 3 ]PF 6 under formation of the chloroimidazolium moiety and release of NEt 3 . . Atoms are shown with anisotropic atomic displacement parameters at the 50% probability level. Hydrogen atoms at the n-propyl substituents and the PF 6 − counter ion(s) as well as the cocrystallized acetonitrile molecule are omitted for clarity. Short contacts between one PF 6 − counter ion and the imidazolium hydrogen H-8 as well as the chlorine atom Cl1 are given in Å. Table 1 : Selected bond lengths (Å) and angles (deg) for the mono-(3) and dichlorinated (2) imidazolium salts in comparison to the literature known bis(imidazolium) salt 1 [31] . The differences Δ in the geometric change (Å or deg) given for each chlorination step. Scheme 2: Proposed mechanisms for the triethylamine-catalyzed/initiated chlorination. NEt 3 can either act as a base (mechanism A, green) or as a shuttle for the chlorine (mechanism B, blue) (CA: cyanuric acid).
Hydrolysis of the chloroimidazolium salt 3
When potassium acetate is used as a base, the formation of acetyl chloride, acetanhydride and the urea 4 can be recognized as a byproduct (Scheme 3). It can be concluded that the chloroimidazolium salt acts as a chlorination agent for the acetate under formation of acetyl chloride as well as the imidazol-2-one 4. Acetyl chloride can react with a second equivalent of acetate to the anhydride. We have investigated the specific hydrolysis of 3 in an NMR experiment. To a solution of the chloroimidazolium salt 3 in [D 3 ]acetonitrile were added one equivalent of potassium acetate and 20 eq of water. After 1 h at room temperature, the full conversion of the chloroimidazolium salt to the cyclic urea 4 was observed by NMR spectroscopy. The signals for the imidazolium and the imidazolin-2-one moiety of compound 4 are farther separated than the two imidazolium moieties in the chloroimidazolium salt 3. While the signals of the imidazolium protons H-8 and H-6 have similar chemical shifts as in the bis(imidazolium) salt 1, the signal for H-3 at δ = 6.82 ppm is strongly shifted upfield by more than 1.2 ppm compared to 1 and 3, which reflects the less aromatic character of the annelated ring system. For the same reason, the signals of H-5 and H-4 at 6.91 and 6.65 ppm are shifted upfield by 0.6 and 0.9 ppm. In the 13 C NMR spectrum the signal C1 of the pyridazo-annelated imidazolin-2-one moiety is characteristic and has a chemical shift of 146.6 ppm. This value lies in between that for N-alkyl or N-aryl-substituted imidazolin-2-ones (153-154 ppm [37] ) and the dipyrido-annelated ones (141-143 ppm [38] ).
Conclusion
We have developed a procedure for the selective monoand dichlorination of a bis(imidazolium) salt with trichloroisocyanuric acid, which is catalyzed (or initiated) by triethylamine. While the geometric changes induced by the monochlorination are rather small compared to the bis(imidazolium) salt 1, the steric hindrance caused by the dichlorination is reduced by an in-plane change of the angles of the annelated π-conjugated ring system as well as a slight out-of-plane torsion. The chloroimidazolium moiety is prone to hydrolysis to the respective urea by acetate. The chloroimidazolium salts are interesting substances for further transformations, especially as precursors for biscarbene ligands.
Experimental part
General remarks
All experiments were performed under inert atmosphere using standard Schlenk techniques. Solvents were dried and degassed using a MB-SPS Solvent Purification System from MBraun. The NMR spectra were recorded at 26°C with a Bruker AVII+400 spectrometer. 1 H} NMR spectra the absolute frequency of the lock signal of the deuterated solvent was used as internal standard. Signals were assigned using 2D NMR experiments. The IR spectra were collected with a Bruker Vertex 70 and the elemental analysis was determined using a varioMICRO cube by the elemental analysis section of the Institut für Anorganische Chemie at the University of Tübingen. The bis(imidazolium) salt 1 was synthesized according to the published procedure [31] . In a Schlenk tube, the bis(imidazolium) salt 1 (500 mg, 0.936 mmol, 1.0 eq) is dissolved in 20 mL of acetonitrile and the solution cooled to -20°C. Triethylamine (3 μL, 2 mg, 0.02 mmol, 0.02 eq) and trichloroisocyanuric acid (146 mg, 0.627 mmol, 0.67 eq) are added and the solution is heated at 40°C for 4 h. The precipitate formed is filtered off and 60 mL of diethylether is added to the filtrate. The resulting suspension is kept for 1 h at -30°C and then filtered. The residue is washed with 2 mL of diethylether and dried in vacuo. The filtrate is concentrated to 10 mL and more product is precipitated by addition of 50 mL of diethylether and isolated by filtration. The combined fractions give the product in 85% (481 mg) yield as a colorless crystalline solid. Single crystals suitable for X-ray structure analysis were obtained by slow diffusion of diethylether into a solution of 2 in acetonitrile. M. p. > 225°C (dec., gas release). In one Schlenk tube trichloroisocyanuric acid (TCCA; 72.5 mg, 0.312 mmol, 0.33 eq) is dissolved in 30 mL of acetonitrile. In a second Schlenk tube, the bis(imidazolium) salt 1 (500 mg, 0.936 mmol, 1.0 eq) is dissolved in 30 mL of acetonitrile. The solution is cooled to 0°C and triethylamine (1 μL, 0.7 mg, 7 μmol, 0.01 eq) is added. The TCCA solution is added dropwise during a period of 2 h. The solution is then slowly warmed up to room temperature overnight. The precipitate (isocyanuric acid) is filtered off and the filtrate concentrated to 10 mL. After addition of 10 mL of diethylether, the filtrate is cooled to -28°C. The formed precipitate is filtered off and dissolved in 5 mL of acetonitrile. Diethylether is then added, until precipitation starts which is continued at -28°C. The suspension is filtered, the residue washed with 2 mL of diethylether and dried in vacuo to yield 42% (223 mg) of the product as colorless crystals. 
Synthesis of
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